INTRODUCTION
Nematic electronic order is believed to play an important role in the phenomenology of superconductivity in iron-based and copper oxide superconductors. 1, 2 FeSe is an ideal system to study nematicity, in the absence of long-range magnetism, which manifests itself in substantial distortions of the Fermi surfaces, 3, 4 as well as a strong twofold anisotropy, detected in quasiparticle interference spectra. 5 The superconducting state of FeSe emerging around 9 K from this electronic nematic state is characterised by a highly anisotropic gap structure. 5 However, the suppression of nematicity and the presence of magnetism can be a prerequisite for higher critical temperatures, T c , found under applied pressure, intercalation or by surface doping. [6] [7] [8] A clean route to investigate the interplay between nematicity, magnetism and superconductivity in FeSe is using chemical pressure-induced by isoelectronic substitution of selenium with sulphur in FeSe 1−x S x , which suppresses both the nematic phase transition temperature and its related electronic anisotropies. 9, 10 Naively, chemical pressure could mimic the effect of applied hydrostatic pressure by bringing the FeSe layers closer together, increasing the bandwidth and suppressing the electronic correlations towards FeS, as found recently by angle resolved photoemission spectroscopy (ARPES). 11 However, chemical pressure in FeSe 1−x S x does not stabilize a magnetic order or enhance superconductivity, in contrast with the complex phase diagram of FeSe under applied pressure. [12] [13] [14] [15] Furthermore, combining physical and chemical pressures, the effect of nematicity and magnetism on superconductivity can be disentangled. 16 Thus, identifying the evolution of the electronic structure of FeSe under different tuning parameters can provide important insights into the influence of nematic order on superconductivity.
In this paper, we use quantum oscillations detected in high quality single crystals of FeSe 1−x S x to probe in detail the evolution of the multiband Fermi surfaces and quasiparticle properties across the nematic quantum phase transition at very low temperatures and high magnetic fields. We find that the sizes of the largest Fermi surface orbits increase with chemical pressure, as the degree of in-plane anisotropy is reduced. Furthermore, with increasing sulphur substitution we detect the appearance of a prominent low-frequency oscillation arising from a small highmobility band which disappears together with the nematic phase. This suggests the presence of a Lifshitz transition caused by a topological change of the Fermi surface, not detected previously by spectroscopic probes. The effective masses of the outer hole band with d xz/yz character evolve smoothly across the nematic phase boundary, without any divergence at the critical doping, and follow similar trends to superconductivity across the phase diagram. Figure 1 shows resistivity measurements of FeSe 1−x S x with the magnetic field either perpendicular to the structural ab layers (θ = 0°) or tilted away by an angle (θ = 30°). In order to access the normal state at low temperatures the measurements are performed above the upper critical field; we find that B c2 reaches a maximum of about 20 T for x~0.07(1) with Bjjc. In the normal state of FeSe 1−x S x , complex Shubnikov-de Haas oscillations are superimposed on the magnetoresistance signal, being most prominent at the lowest temperatures and highest magnetic fields (see also Supplementary Fig. S2 ). The form of the oscillations varies significantly with the chemical pressure (Fig. 1a-f) , indicating non-trivial evolution of the electronic structure. One striking observation is the emergence of a low-frequency oscillation (labelled λ in Fig. 1 ), which is observed prominently in the magnetoresistance from x~0.012, but completely disappears outside the nematic phase at x~0.17. This effect is better visualized in the first derivative of magnetoresistance plotted in Fig. 1g -k, which shows that the period of the oscillations becomes longer, thus the corresponding frequency become smaller with x, until it disappears close to x = 0.17, which corresponds to the nematic phase boundary, indicating that an extremal area of the Fermi surface disappears outside the nematic phase.
RESULTS

Quantum oscillations in FeSe 1−x S x
Next we focus on fast Fourier transform (FFT) spectra, which helps us to identify the extremal areas of the Fermi surfaces normal to the applied magnetic field, A ki , given by the Onsager relation, F i = A ki ℏ/(2πe). For quasi-2D cylindrical Fermi surfaces, two extremal orbits contribute to the quantum oscillation signal, originating from the maximal and minimal areas. 17 The lowtemperature experimental Fermi surface of FeSe is composed of one warped cylindrical hole band and two electron bands with distorted areas, as sketched in Fig. 2e, f. 3,18-20 For example, previous work has identified the β (k z = 0) and δ (k z = π/c) frequencies as the minimal and maximal orbits of the outer hole pocket, 3, 18, 21 shown in Fig. 1r . Figure 1l -p shows the FFT spectra for the different compositions x. These may be separated into a high frequency region, originating from the largest Fermi surface areas of the outer electron γ and hole band δ, 3, 20 which increase with x up to 1.2 kT, and the low frequency region (below 0.4 kT) characterised by the superposition of oscillatory signals originating from small pockets of the Fermi surface of FeSe 1−x S x , as shown in Fig. 1r . 9, 11 As a function of increasing chemical pressure, the sizes of the largest extremal areas expand; this trend is followed not only inside the nematic state, as the in-plane anisotropy is reduced, but also outside the nematic phase ( Fig. 1l-p) . This implies that the nematic phase does not cause Fermi surface reconstruction, as expected since nematic order breaks rotational but not translational symmetry. The orbits associated to the electron bands are separated by the spin-orbit coupling into outer flower-shape orbits (γ and ε) and inner orbits (α 1 and α 2 ) (Fig. 1r) . Electron pockets are prone to further topological changes induced by the strength of the orbital order that pushed the inner electron band above the Fermi level, as found for FeSe films, 22 and represented schematically in Fig. 2e (for x = 0). However, in FeSe 1 −x S x , as orbital order is suppressed, 9 the quantum oscillations orbits of the electron bands most likely originate from the outer flower-shape and inner electron orbits (shown in Fig. 2e , f), similar to LiFe(As/P), 23 BaFe 2 (As/P) 2 24,25 and LaFePO. 26 An additional frequency can occur when the inner hole pocket (χ in Fig. 1r) , crosses the Fermi level by x = 0.11 to create a 3D Fermi pocket and its size increases with x, according to ARPES measurements. 9, 11 Thus, the subsequent disappearance of the lowfrequency oscillations, λ, is unexpected and indicates a different provenance.
Quasiparticle effective masses of FeSe 1−x S x A direct manifestation of the effect of electron-electron interactions is the relative enhancement of the quasiparticle effective masses compared to the bare band masses. The cyclotronaveraged effective masses of the quasiparticles for each extremal orbit can be extracted from the temperature dependence of the amplitude of the quantum oscillations, 17 as shown in 18,27 the β and δ orbits corresponding to the outer hole band have similar effective masses~4.3(1)m e , indicating that they originate from the same cylindrical Fermi surface with dominant d xz /d xz band character. The γ and ε orbits (Fig. 1l , r) are likely to correspond to the outer electron band with dominant d xy band character, which has a particularly heavy mass of~7(1)m e , confirming the strong orbitally dependent band renormalization found in ARPES studies. 3 In addition, the FFT spectrum includes a low frequency at 135 T with a lighter mass around~3m e Published in partnership with Nanjing University frequencies by FFT can be affected by the choice of polynomial background subtraction as well as 1/f noise. Outside the nematic phase for x~0.19, the background magnetoresistance is almost quadratic in magnetic field and the dominant low-frequency oscillation has disappeared (Fig. 1f, k) . We detect a series of frequencies larger than those in the nematic phase (Fig. 3b) ; the observation of oscillations up to x~0.19 is testament to the continued crystal quality, even at high substitution values. Here, the amplitude of the oscillations does not decay quite so rapidly with temperature, showing that the effective masses are lighter outside the nematic state; the highest observed frequency (1 kT), assigned to an enlarged outer hole The effective masses extracted using a Lifshitz-Kosevich (LK) formula 51 (solid line) indicating lighter quasiparticles masses outside the nematic phase. The angular dependence of the FFT amplitudes for e x~0.04 and f x~0.19 with an enhanced high frequency amplitude around θ~30°. g Angular dependence of magnetoresistance of x~0.17 as a function θ, the angle of the applied magnetic field with respect to the c-axis at 0.36 K (colour bar represents θ) and h quantum oscillations spectra (by subtracting a second order polynomial) for x~0.17 indicating the quasi-two-dimensional nature of the observed low frequency pocket. The data in h are offset for clarity and the measured angle is indicated on the vertical axis pocket, δ, now having a mass around 3.2(5)m e . This is consistent with the observation that the degree of electronic correlations is reduced significantly in the tetragonal phase towards FeS. 11 We assume that the observed frequencies outside the nematic phase correspond to the lightest bands (Fig. 2c) , in particular the outer hole band (δ orbit), as the outer electron band (γ orbit) has a heavier mass in the nematic state and it would be harder to observe it once the impurity scattering increases. 17 The additional lightest band (286 T with an effective mass of 1.87(2)m e ) can be associated with the inner hole, χ; whereas, the 478 T frequency can be assigned to the largest inner electron band, α 2 , in Figs. 1r and 2c. solid triangles) and the presence of a small dome of superconductivity (T c , solid circles) using data from Supplementary Fig. S1 . b Proposed phase diagram of FeSe under pressure based on ref. 7 showing the low T c (SC1) and high T c superconducting phases (SC2) as well as the magnetic phase. c The evolution of the observed quantum oscillations frequencies. Solid lines are the calculated frequencies for the large outer hole band based on ARPES data from ref. 9 . The dashed lines are guides to the eye. d The quasiparticle effective masses of the high frequencies, γ and δ and the dominant low frequency, χ. Dashed lines are guides to the eye. e, f Proposed Fermi surfaces of FeSe 1−x S x for different values of x as a slice at k z = π/c and k z = 0 (for Γ point) and 3D representation, respectively. In e for x = 0 (bottom) we sketched additional scenarios discussed in literature for the orbits originating from the electron bands 5, 19, 22 A.I. Coldea et al.
The angular dependence of quantum oscillations in Fig. 2e , f confirms that the observed orbits correspond to two-dimensional cylindrical Fermi surfaces (see Supplementary Fig. S6 ). Unusually, outside the nematic phase for x~0.19 the largest amplitude of the highest frequency is observed not at θ = 0, as is normally expected for a Shubnikov-de Haas signal, but at θ = 30° (Fig. 3f) . Furthermore, this angle is not the Yamaji angle, 28 expected around θ Y = 65°(see Supplementary Fig. S6 ) at which a constructive interference occurs when the minimum and maximum orbit of a quasi-two-dimensional cylinder coincide (the Yamaji angle caused by the interference of the maximum and minima orbits of a corrugated Fermi surface occurs when J 0 (ck F tanθ Y ) = 0, where J 0 is the Bessel function, k F is the inplane Fermi momentum and c is the lattice parameter). This effect can be caused by an interference between two orbits, γ and δ, with very close frequencies (that cannot be separated by FFT due to a limited field window in the normal state) and slightly different warping that give rise to different angular dispersions (Supplementary Fig. S6 ). The angular dependence of the lowest frequency oscillation λ dominating the magnetoresistance signal is shown in Fig. 3g , h. The oscillatory signal disappears around θ = 30°s uggesting that this pocket is quasi-two-dimensional, as a 3D pocket would be expected to give oscillations at all angles.
Fermi surface evolution The evolution of the low temperature Fermi surfaces and quasiparticle masses with chemical pressure in FeSe 1−x S x is summarized in Fig. 2c . With chemical pressure the maximum orbits areas (γ and δ) increase monotonically with increasing x, even beyond the nematic phase boundaries. For the outer hole band (δ orbit) the increase in areas reflects the transition from an in-plane anisotropic to isotropic Fermi surface, as the ellipse transforms into a circle, but also as the in-plane areas generally increase; here quantum oscillations frequencies follow the same trends identified by ARPES studies (solid line in Fig. 2c) . 9, 11, 20 Furthermore, quantum oscillations show a dominant lowfrequency oscillation with light mass from x ≥ 0.12, (λ in Fig. 2d ), which decreases with chemical pressure (increasing in x) and eventually disappears outside the nematic phase (Fig. 1g-k and Supplementary Fig. S3 ). Thus, once the boundaries of the nematic phase have been crossed with chemical pressure the Fermi surface has a topological transition called a Lifshitz transition, 29 which has not been detected before in ARPES studies at 10 K. 9, 11 Magnetotransport studies in FeSe 1−x S x found that the high mobility small carrier density vanishes outside the nematic phase 30, 31 and it was suggested that this small pocket may have a non-trivial Berry phase. 32 Fermi surface studies of FeSe under applied pressure, 7 detected a dominant low-frequency oscillation outside the nematic phase, which was assigned to the Fermi surface reconstruction in the presence of the new structural and magnetic phase. 13, 14 The low frequency observed under pressure on the border of the nematic phase (~10 kbar) has a light effective mass, 7 similar to λ, observed here in FeSe 1−x S x in Fig. 2c) . Thus, one can envisage that the evolution of the Fermi surface in the nematic state (Fig. 2a, b) under chemical and applied pressure share similar trends, which are also found for FeSe 0.89 S 0.11 under applied pressure. 33 As found in other iron-based superconductors, the Fermi surfaces of FeSe 1−x S x are severely reduced in size compared with those predicted by band structure calculations (varying from a factor of 5 for FeSe towards a factor 3 for x~0.17 as shown in Supplementary Fig. S7 ). This shrinking is an important consequence of strong orbitally dependent inter-and intra-band electronic interactions, significantly large in iron chalcogenides, 3, 34 but also found in many iron-based superconductors. 24, 26 These effects are suppressed to some extent once the bandwidth increases with sulphur substitution towards FeS. 11 The effective masses evolution across the nematic phase in Fig.  3d indicated that the nematic state is a correlated electronic state and no sign of mass divergence was detected for δ orbit close to the nematic end point. As the electronic correlations assigned to the orbits with predominant d xz /d yz character (outer hole band, δ, in Fig. 2d ) follow similar trends as T c (Fig. 2a) , these bands play a dominant role in the pairing mechanism. Our findings are in good agreement with the specific heat studies that show a slight increase in the Sommerfeld coefficient (7-9 mJ/mol K) inside the nematic phase before it drops again outside it 35, 36 as well as the ARPES studies that found the suppression of the electronic correlations in the tetragonal phase between x = 0.18 towards FeS. 11 Furthermore, the effective mass of the prominent lowfrequency oscillation, λ, is reduced significantly close to the nematic phase boundaries before disappearing, suggesting additional curvature changes of this Fermi surface before it suffers the topological transition. While clear signatures of criticality cannot be assessed over this narrow compositional range outside the nematic phase, it is worth mentioning for comparison that the signature of quantum criticality observed in BaFe 2 (As 1−x P x ) 2 showed enhancement of the effective mass for the electron bands between 1.8 and 3.5m e over a large compositional range (x = 0.4-1) outside the magnetic and nematic phase. 24, 37 In the end compound FeS, quantum oscillations have revealed very light effective masses of 0.6-0.8 m e for some small orbits (below 210 T). 38 For this reason, further study of quantum oscillations in FeSe 1−x S x with higher x is desirable to establish whether critical nematic fluctuations play any role besides the effects caused by the suppression of the electronic correlations with the increased bandwidth.
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DISCUSSION
Lifshitz transitions, driven by doping, chemical and applied pressure, magnetic field or correlations, can have dramatic effects on the electronic and superconducting properties. They have been detected as a function of electron doping, when the hole bands disappear and T c increase, both in the electron-doped BaFe 2 As 2 , 39 single crystals of FeSe 40 and for the monolayer of FeSe on SrTiO 3 . 41 Band structure calculations for isoelectronic FeSe and FeS also predict the disappearance of one of inner hole bands as a function of sulphur substitution (but they overestimate the experimental sizes of the Fermi surface as shown in Supplementary Fig. S6 ). Furthermore, DFT + DMFT calculations of FeSe under applied pressure show two topological transitions as the outer hole pocket expands, while the two inner hole pockets shrink and disappear. 42 The degree of electronic correlations affects these bands with d xy or d xz/yz orbital character differently. 43 In isoelectronic systems, like FeSe 1−x S x , the hole bands are expected to be highly sensitive to the position of the chalcogen atom above the Fe plane, as found in other systems. 23, 24 We propose that the observed disappearance of the smallest orbit in quantum oscillations is linked to a topological change in the Fermi surface caused by strong increase in the interlayer warping, as the conducting layers come closer together with chemical pressure (similar to the applied pressure). ARPES studies on a composition of x~0.18 suggest that the hole band at the Γ point is getting smaller compared with FeSe and the top of the band is only about 5 meV above the Fermi level (see Supplementary Fig. S4 ).
11 Thus, the β orbit can be a prime candidate for the observed disappearance of a significant frequency in quantum oscillations (λ). Its absence will lead to a three-dimensional hole Fermi surface without of the ability for electron-hole scattering in the plane containing the Γ point, as shown in Fig. 2e , f. Other scenarios can invoke the disappearance of the inner electron band, α 1 , or magnetic field-induced Lifshitz transitions, as the energies of the very small inner hole and electron bands, can be comparable to the Zeeman energy (Supplementary Fig. S4 ). The changes in the electronic structure in FeSe 1−x S x , due to the Lifshitz transitions would influence superconductivity significantly (Fig. 2e, f) . First, a small increase in T c at low x can be assigned to the increase in the density of states as the inner hole band (χ) crosses the Fermi level near x = 0.12, in agreement with specific heat studies. 35, 36 Furthermore, the nematic phase is a strongly correlated electronic phase 45 and the effective masses of the outer hole band, δ (with predominant d xz /d yz character) follow similar trends to T c , suggesting that this hole band plays an important role in the pairing. With further increases in x, superconductivity is weakened and it will be affected by the disappearance of the aforementioned small pocket, as a pairing channel through the centre of the Brillouin zone is lost (Fig. 2f) . As the superconducting phase diagrams of FeSe 1−x S x and that of FeSe under pressure show a similar small superconducting dome (see Fig. 2a and the superconducting region, S1, in Fig. 2b ), they will be strongly influenced by the details of their electronic structure, and our study has indicated some of the trends to be taken into account.
The presence of small Fermi surfaces of FeSe 1−x S x , harbours a fragile balance of competing interactions, that promote the stabilization of either nematic, spin-density wave or superconducting phases. [46] [47] [48] Spin fluctuations increase at low temperature in the nematic phase of FeSe 1−x S x close to the maximum T c . 49 As the sizes of the outer electron and hole bands coincide outside the nematic phase, the nesting and spin fluctuations in FeSe 1−x S x would be significantly enhanced. On the other hand, the presence of small inner electron and hole bands can provide another pairing channel with different characteristics, as the Fermi energy of these bands approaches the gap energy, potentially pushing the system into a partial BCS-BEC crossover regime, where FFLO phases could be stabilized. 44 Thus, the existence of a topological Lifshitz transition that induces significant changes in the k z dependence of the electronic and orbital electronic states together with the changes in electronic correlations in FeSe 1−x S x , will significantly affect the pairing channels and the gap symmetry inside and outside the nematic phase, as found experimentally in recent studies. 36, 50 In summary, we have explored the evolution of the lowtemperature electronic structure and electronic correlations across a nematic phase in the absence of magnetism in a highly tunable system, FeSe 1−x S x . We found a robust strongly correlated state inside the nematic phase and the weakening of electronic correlations outside it. We observe the disappearance of a small high mobility pocket at the nematic phase boundary, indicative of a Lifshitz transition, not previously observed by spectroscopic studies. Our study provides vital information about the low temperature Fermi surface of a family of nematic superconductors and it helps to clarify the role played by a topological Lifshitz transition and electronic correlations across this unique phase diagram as well as the importance of accounting for the threedimensionality pairing channels in these systems.
METHODS
Samples were grown by the KCl/AlCl 3 chemical vapour transport method and their compositions were determined using EDX measurements. More than 50 crystals were screened for transport measurements and the best crystals were measured in high magnetic fields. Preliminary magnetoresistivity and Hall effect measurements to identify the samples with the largest oscillatory signal were performed in pulsed magnetic fields up to 60 T in a dilution fridge and 70 T down to 1.5 K at the LNCMI in Toulouse, France. Magnetotransport measurements reported here were performed in high magnetic fields up to 45 T at NHMFL in Tallahassee, USA and up to 33 T at HFML in Nijmegen, The Netherlands, at low temperatures down to 0.35 K using 3 He cryogenic systems and using low-noise transformers. Transport studies were performed by measuring the in-plane resistance with an electrical current of less than 3 mA flowing in the (ab) plane of the sample. Low contact resistances were achieved by soldering the gold wires directly to the samples. The magnetic field was applied either perpendicular to the structural ab layers (B||c, θ = 0°) or the sample was rotated in magnetic field towards c axis (B||(ab), θ = 90°).
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